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Observations of RNA-silencing phenomena in plants were
startling when ﬁrst described. In one case, attempts to boost
the expression of an endogenous gene with an extra transgene
copy eliminated all expression from both genes [1]. In another
case, plants that recovered from one viral infection were resis-
tant against an unrelated virus provided it carried a small
sequence insert from the ﬁrst virus [2]. The further demonstra-
tion that silencing could move through the phloem suggested
that this immunity was likely systemic [3,4]. Finally, replicating
viroids or viruses that propagated entirely through RNA inter-
mediates left behind an imprint of methylation on homologous
DNA [5]. The discovery of silencing-associated small(s) RNAs
by Andrew Hamilton and David Baulcombe gave this diverse
set of homology-dependent events a common speciﬁcity deter-
minant [6] and pointed the way to a densely populated sRNA
world.
From the beginning it was clear that the sRNAs from a co-
suppressed gene could be both sense and antisense [6]. It
seemed as if the sRNAs were double-stranded but the logic
of gene silencing suggested that an antisense single-stranded
RNA (ssRNA) ultimately recognized the target. Work from
a number of diﬀerent experimental systems has validated both
ideas (see also [7, this issue]).
Silencing-associated sRNAs are processed from a larger
double-stranded RNA (dsRNA) through the action of an en-
zyme with tandem RNase III domains known as Dicer [8].
The resulting sRNA duplexes contain 2-nucleotide 3 0-over-
hangs and 5 0-phosphates [9,10]. If the dsRNA precursor is a
long duplex with perfect pairing then the sRNAs are desig-
nated short interfering RNAs (siRNAs). Most long dsRNA
precursors in plants are synthesized by RNA-dependent*Fax: +44 1603 450 011.
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[11]. The ﬁrst detailed biochemical characterization of an
RDR suggested that the enzyme could convert ssRNA to
dsRNA in both a primer and primer-independent fashion
[12,13]. Both activities were observed for a recombinant Neu-
rospora crassa RDR homologue suggesting that they are com-
mon to this family of enzymes [14]. RDRs are found in plants,
fungi, and worms, but not insects and mammals. In organisms
that lack the interferon response, siRNAs can be produced in
the absence of an RDR by transcription of a recombinant in-
verted repeat (IR). Plants and animals have taken a similar
strategy to produce an endogenous class of sRNAs known as
microRNAs (miRNA) (see [15,16, this issue]). These are pro-
cessed from loci encoding transcripts that form small imperfect
stem–loop structures, which do not induce the mammalian
interferon response.2. Diversity of eﬀector complexes
In order to guide suppression of homologous targets, the
sRNA duplex must become single-stranded. The strand with
the 5 0 phosphate at the less stable end of the helix is incorpo-
rated as a guide RNA ([17,18, this issue]) into an eﬀector com-
plex containing an Argonaute (AGO) protein ([7, this issue]
and [19]). Two types of eﬀector complexes have been described.
A cytoplasmic complex, known as the RNA-induced Silencing
Complex (RISC) [20], can mediate both mRNA cleavage and
translational inhibition [21]. A nuclear complex ﬁrst described
in ﬁssion yeast (see [22, this issue]), called the RNA-induced
Initiation of Transcriptional Silencing (RITS) complex, is in-
volved repressing DNA expression [23]. Argonaute proteins
are characterized by two signature motifs: an RNA binding
PAZ domain (for Piwi/Argonaute/Zwille) in the amino termi-
nus and an RNase-H like Piwi domain in the carboxy-terminus
[19,24]. The PAZ domain can bind a 2-nt 3 0-end of an sRNA
duplex [25]. Binding of the more stable end of the duplex by
the PAZ domain likely facilitates loading of the 5 0 end of the
guide RNA into the PIWI domain [26] – probably with the
complementary sRNA strand, which is subsequently removed.
Co-crystal structures of siRNA duplexes with the PIWI do-
main reveal that the 5 0 phosphate of the guide RNA sits in a
basic pocket stabilized by a divalent cation [27,28]. Additional
hydrogen bonds to the backbone of the ﬁrst 5 nucleotides sta-
bilize the association of the enzyme with the guide RNA. These
interactions position the backbone of the complementary tar-
get RNA in close proximity to the RNase H catalytic center
at a position between the two nucleotides paired with basesation of European Biochemical Societies.
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cleavage (or Slicer activity) requires a DDH catalytic triad as
well as a histidine located between the catalytic aspartic acids
[19,29]. Mutation of these residues in human AGO2 abolishes
cleavage and natural variation of these positions corre-
lates with whether other huAGO family members have Slicer
activity.
Plants encode 10 AGO homologues including the founding
member, AGO1 (Fig. 1A and B) [30–33]. Phylogenetic analysis
of key residues involved in 5 0 phosphate binding reveal devia-
tion from absolutely conserved residues in only AGO8 (Fig. 1;
position 533 of huAGO2). AGO2 and AGO3, products of a re-
cent duplication, lack the histidine of the catalytic triad (Fig. 1;
position 807 in huAGO2) but have an aspartic acid that may
suﬃce. AGO4, AGO6, AGO8, and AGO9 show divergence
in the histidine located between the two catalytic aspartate res-
idues (Fig. 1; position 634 in huAGO2). If these changes com-
promise cleavage as they do in huAGOs, then AGO1, AGO5,
PINHEAD/ZWILLE, AGO7, and perhaps AGO2 and AGO3
are predicted to have Slicer activity [34]. In keeping with this,
two recent papers have demonstrated that AGO1 is a bona ﬁde
Slicer [34,35].
Systematic cloning and sequencing of endogenous small
RNA populations in plants has revealed many miRNA fami-
lies as well as endogenous siRNA sequences [36–39]. This
sRNA diversity combined with the variety of AGO proteins
in plants suggest that there are multiple pathways of sRNA
regulation. Experimental evidence supports this view. AGO1
physically associates with miRNAs and certain classes of
endogenous siRNAs but not viral siRNAs [34]. In contrast
plant AGO4 is required for RNA-directed DNA methylation
mediated by endogenous siRNAs [40]. With such a diversity
of AGOs and sRNAs, how is speciﬁc sRNA regulation
achieved? Genetic analysis of endogenous and viral derived
sRNAs has revealed diﬀerent sRNA biogenesis pathways
[39], which suggests that how the sRNA is generated may inﬂu-
ence its downstream application.3. Diversity of Dicer processing pathways
The ﬁrst evidence for diversity in sRNA biogenesis was the
observation that sRNAs of diﬀerent origins had diﬀerent sizes.
SiRNAs associated with viral infections were predominantly
21–22 nts in length as were most miRNAs. In contrast, endog-
enous siRNAs derived from transposons and other repeated
sequences in the genome were predominantly 24 nts in length
[39,41]. Biochemical experiments in wheat germ extracts pro-
vided clear evidence that these two size classes were generated
by distinct dicers [42]. Production of the longer class could be
blocked by high concentrations of 25 nt siRNA duplexes,
whereas production of shorter siRNA were not subject to
product inhibition. Arabidopsis encodes four Dicers designated
Dicer-like (DCL) 1–4 [43]. Genetic experiments [39], and more
recent puriﬁcation studies [35], clearly demonstrated that
DCL3 is required for production of the longer class of siR-
NAs, while the shorter classes of small RNAs are generated
by the remaining DCLs.
DCL1, previously known as Carpel Factory (CAF) and
Short Integuments (SIN), is responsible for most if not all
miRNA processing [36,37]. Even weak alleles of DCL1 display
dramatic pleiotropic defects, consistent with the miRNA prod-ucts of DCL1 regulating a diverse set of endogenous mRNAs
(see [15, this issue]). The role of DCL4 had remained enigmatic
because of the lack of mutant alleles, but recent work indicates
it acts in the generation of a class of siRNAs that regulate
endogenous genes similar to miRNAs [44]. DCL2 mutants
are partially defective in the defense against a subset of viruses
[39]. Accumulation of siRNAs against Turnip Crinkle Virus
(TCV) is delayed at 7 days post-infection, but intriguingly after
14 days siRNAs are restored. These dcl2 TCV siRNAs are het-
erogeneous in size compared to siRNAs from age matched
controls, suggesting that a combination of DCLs substitute
for DCL2. Similarly, DCL4-dependent siRNAs increase in size
when DCL4 is defective [44] and DCL3-dependent sRNAs de-
crease in size in a dcl3mutant [39]. Together these observations
illustrate an important point: each Dicer may have principle
responsibilities, but in the event of a defect in one branch, sub-
strates from one pathway can be processed by another.
What is the basis for the diﬀerent sized dicer products? Up
until recently, models for Escherichia coli RNase III suggested
it homodimerized and cleaved dsRNA from two cleavage cen-
ters located 10 bp apart (reviewed in [35]). Correspondingly,
one model for Dicer cleavage posited that the tandem RNase
III domains formed a similar intramolecular dimer with one
defective cleavage center; size was determined by the spacing
between the active cleavage site and some other RNA binding
feature of the enzyme. Another model supposed that an inter-
molecular interaction between two Dicers created tandem
RNase III dimers. In this model, the internal cleavage centers
were inactive and sRNA size was determined by the spacing
between the two active cleavage centers on the outside. Recent
work indicates that neither model is quite right. Both E. coli
RNase III and human Dicer cleave dsRNA using a single
cleavage center, which in Dicer is formed by an intramolecular
interaction [45]. The most likely scenario is that sRNA length
is determined by the conﬁguration of this single cleavage center
with respect to the unusually long N-terminal RNase III do-
main. Some dicers (including DCL1, 2, and 3) carry a PAZ do-
main that may also play a role [43]. In the context of Dicer, the
PAZ domain could bind to the ends of long duplexes and help
to position the dsRNA in the cleavage site. This type of mech-
anism ﬁts with observations that Dicer prefers to process long
dsRNA from the end [46] and that mutations in the Dicer PAZ
domain reduce human dicer cleavage eﬃciency [45].
Dicers do not handle dsRNA alone. Small dsRNA binding
(DRB) proteins have been implicated as co-factors in a num-
ber of systems. Some DRB proteins may act in the transfer
of sRNAs to downstream eﬀector complexes. Dicer 2 from
Drosophila binds sRNA duplexes as a heterodimer with
R2D2 [47]. R2D2 binds to the more stable end of the duplex
until displaced in favor of Ago2 [26]. The most likely scenario
is that R2D2 is displaced by the AGO PAZ domain and the
other end is then released by Dicer to enter the PIWI domain.
This interaction between Dicer and AGO is independent of the
sRNA duplex and requires the PIWI box of AGO proteins and
the N-terminal RNase III domain of Dicer [48]. Divergence of
the PIWI box in plant AGO proteins suggests there are speciﬁc
Dicer-AGO partnerships (Fig. 1). Other DRB proteins, like
RDE4 from C. elegans, bind long dsRNA and sequester it
for Dicer [49]. This requirement for a DRB partner is also ob-
served in other classes of animal Dicers: Drosha requires Pasha
[50] and Dicer 1 requires Loquacious [51]. In both of these
examples, defects to the corresponding DRB cause precursor
Fig. 1. Argonautes in Arabidopsis. (A) Alignment of AGO Arabidopsis PIWI domains with human AGO2 (huAGO2) performed using Clustal-W in
the Align-X program in Vector NTI. Red letters highlighted in yellow indicate regions of absolute conservation. Blue letters highlighted in aqua
indicate conserved residues. Black letters highlighted in green indicate similar residues. Green letters with no highlighting indicate weakly similar
residues. Black boxes under the alignment indicate conserved contacts with the 5 0 phosphate of the guide RNA. Red boxes under alignment indicate
residues of the DDH catalytic triad. Magenta box under alignment indicates an additional histidine required for cleavage in huAGO2. (B) Unrooted
phylogenetic tree of huAGO2 and Arabidopsis AGOs using full length amino acid sequences.
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strate recruitment. In plants, Hyl1 is required for miRNA
accumulation and displays pleiotropic defects that overlap
those of weak DCL1 alleles [52,53]. Arabidopsis encodes 4
Hyl1 homologues and Far Western analysis suggests that while
Hyl1 has the highest aﬃnity for DCL1, DRB4 (At3g62800) is
speciﬁc for DCL4 [54]. Genetic and biochemical experiments
are still required to address the degree of redundancy between
these potential plant dicer partners and to deﬁne their precise
role in DCL sRNA processing.
Recent work has shown that a diﬀerent class of DRB protein
must also interact with sRNAs after DCL processing. HEN1,
which contains an amino-terminal DRB, had been shown to be
required for the accumulation of miRNAs, siRNAs from
transgene silencing, and 24 nt siRNAs from heterochromaticregions [37,39,55,56]. The key question was why HEN1 inﬂu-
enced so many diﬀerent classes of sRNAs. The answer came
from the realization that the carboxy-terminus of HEN1 con-
tains an S-adenosyl methionine (SAM) – binding motif com-
mon in methyltransferases [57]. Recombinant HEN1 was
able to transfer a radioactive methyl group onto one of the
two hydroxyls of the terminal ribose of a miRNA within a du-
plex in vitro. Consistent with this occurring in vivo, endoge-
nous miRNAs from WT but not hen1 were found to be
protected from b-elimination, which removes the terminal
nucleotide in a manner that requires free 2 0 and 3 0 hydroxyls.
It appears that HEN1 methylation protects the sRNA from
degradation. Some sRNAs in the hen1 mutant background
became longer and more heterogeneous in size [57]. This
increase in sRNA size in hen1 mutants suggests a degradation
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several non-templated nucleotides to the RNA that then
recruit an exonuclease that degrades the RNA. Methylation
may protect the ends of sRNA from this activity during transit
or even after it has loaded into the eﬀector complex.4. Diversity in dsRNA production
We have seen thus far that plant sRNA diversity arises
through the action of diﬀerent DCLs and their associated
DRB co-factors. What determines which pathway processes
a given dsRNA? Consider the requirement of DCL1 for pro-
cessing of miRNAs from primary (pri-) miRNA precursors
transcribed by RNA polymerase (Pol) II. DCL1 localizes to
the nucleus [58] as do DCL2 and DCL3 [39]. To achieve spec-
iﬁcity, DCL1 or Hyl1 could physically associate with Pol II
like a classic RNA processing factor, linking synthesis of pre-
cursor with sRNA production. However, DCL1 is not essen-
tial for RNA silencing mediated by Pol II derived long IR
dsRNA [59]. While this does not exclude DCL1 processing
of these molecules, it does indicate that long dsRNA, unlike
miRNA precursors, can ﬁnd a way to a diﬀerent DCL. Thus,
the DCL1 pathway may be the only one able to process short
imperfect dsRNA. What accounts for the observation that cer-
tain types of siRNAs are associated with the other DCLs?
Most long dsRNA in plants is likely produced by one of sev-
eral RDRs encoded in the genome. Each DCL may associate
with a particular RDR to ensure eﬃcient conversion of
dsRNA to siRNA: only when a DCL is defective does the
dsRNA produced by the corresponding RDR become avail-
able to an unlinked DCL. Consistent with this hypothesis, like
the DCL family, there are multiple RDRs in Arabidopsis
[60,61]. Three likely redundant genes (RDR3, 4 and 5) are clus-
tered at a single locus and have not yet been analyzed geneti-
cally, but functions have been assigned for RDR1, RDR2,
and RDR6.
RDR6 was ﬁrst shown to be required for transgene silencing
by mutant screens that also implicated AGO1, HEN1, an
RNA helicase (SDE3), and a coiled–coiled protein (SGS3)
[31,55,60–62]. Notably absent from these screens were DCL
mutants, which may support the above view of DCL redun-
dancy. The loss of silencing in rdr6, however, was complete,
which suggested that other RDR family members had diﬀerent
functions. Consistent with this, whereas RDR6 was required
for resistance to Cucumber Mosaic Virus (CMV) [60–62],
RDR1 was required for resistance to tobamoviruses and tob-
raviruses [63]. This speciﬁcity diﬀerence could be explained if
the two RDRs recognize diﬀerent virus-speciﬁc features such
as subcellular localization or RNA templates. Alternatively,
the two RDRs may diﬀer in their susceptibility to virally en-
coded suppressors of RNA silencing ([64, this issue]). Thus,
the RDR1 pathway could be dispensable for CMV resistance
because it is already neutralized by a CMV protein. Interest-
ingly, RDR1 is induced by salicylic acid signaling, which bol-
sters plant defense [63], and this signaling is suppressed by the
CMV silencing suppressor 2b [65].
Recent progress has been made in understanding how RDRs
contribute to viral defense. It had been assumed that all viral
siRNAs are derived from the conversion of viral ssRNA into
dsRNA by a host RDR or viral replicase. Systematic cloning
of viral siRNAs from infected tissue revealed an unexpectedasymmetry: most (80% in the case of Cymbidium Ringspot
Virus) came from the more abundant positive strand [66].
The asymmetry can best be explained by proposing that the
positive strand folds back on itself to form secondary struc-
tures that are cleaved directly by a DCL. Most of the antisense
siRNAs and a proportion of the sense siRNAs could still be
derived from dsRNA produced by an RDR. Targeting of the
minus genomic strand by an RDR would be particularly eﬀec-
tive at slowing down the virus because one minus strand gives
rise to multiple positive strands during the course of a virus
infection. This could be particularly important as the virus
moves systemically through the plant into naı¨ve cells. In keep-
ing with this, RDR6 is required for reception of the long dis-
tance signal [67]. In grafting experiments, RDR6-defective
scions were unable to receive the signal from silenced root-
stocks. This activity ultimately protects the meristematic zone
in WT plants as meristems of RDR6-defective plants were
uncharacteristically invaded by Potato Virus X [67].
In addition to siRNAs involved in viral defense and trans-
gene silencing, RDR6 helps to produce the endogenous siR-
NAs mentioned above that behave like miRNAs. Both rdr6
and sgs3 mutants displayed narrowed petioles, altered leaf
curvature, and a precocious transition from juvenile to adult
vegetative growth [68]. Independent microarray and cDNA-
AFLP analyses identiﬁed genes up-regulated in both rdr6
and sgs3 [68,69]. Some of the elevated genes were direct tar-
gets of RDR6: they produced RDR6-dependent sRNAs that
were phased at 21 nt intervals [69]. Other elevated genes
were the targets of the sRNAs [68]. This new class of
sRNAs were designated trans-acting (ta) siRNAs because
they regulated mRNAs that had no sequence similarity to
the other ta-siRNA precursor other than within the target
region.
Apart from RDR6 and SGS3, accumulation of ta-siRNAs
required DCL1, AGO1, HYL1, and HEN1 [69]. The require-
ment for DCL1 and HYL1 in particular was surprising be-
cause it was clear that HYL1 and likely DCL1 were not
required for rdr6-dependent transgene silencing. Why did the
miRNA pathway and the RDR6 pathway converge at ta-siR-
NAs? Analysis of the details of ta-siRNA biogenesis revealed
that ta-siRNA precursors became substrates for RDR6 after
cleavage by a miRNA-guided eﬀector complex [70]. Following
conversion to dsRNA by RDR6, the siRNAs were produced in
a phased manner consistent with progressive DCL processing
from the end. Biochemical experiments with human Dicer indi-
cate that the preference for dsRNA processing from the end is
enhanced by 2 nt 3 0 overhangs [45]. Intriguingly, viral RNA-
dependent RNA polymerases are known to begin synthesis
at a few nucleotides internal to the 3 0 end of the template
[71] and can add several non-templated nucleotides at the
end of dsRNA synthesis [72]; the same may be true for
RDR6 as well. If DCL1 produced the miRNA that cleaved
the precursor, what processed the RDR6-derived dsRNA? Re-
cent analysis indicates that DCL4 plays the principle role;
however, in keeping with the above view of dicer redundancy,
a dcl3 dcl4 double mutant is required to fully recapitulate the
rdr6-like leaf morphology and to eliminate most of the ta-siR-
NAs [44].
This analysis of ta-siRNA biogenesis has implications for
siRNA-mediated positive feedback previously inferred from
transgene silencing systems [60]. One manifestation of this
feedback is the phenomenon of transitivity [73]. In transitivity,
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to the production of secondary siRNAs from adjacent non-tar-
geted sequence (Fig. 2A). One model for transitivity suggestedFig. 2. Models of transitivity. 1, primary siRNA; 2, secondary
siRNA; blue, sense RNA; green, antisense RNA. (A) During transi-
tivity in plants, primary siRNAs targeted to one part of the mRNA (A)
lead to the production of secondary siRNAs from an adjacent part of
the mRNA (B). In 5 0 to 3 0 transitivity, B is downstream of A as
pictured here. (B) Model 1 for 5 0 to 3 0 transitivity. Primary siRNAs
convert rare antisense RNA to dsRNA. Resulting secondary siRNAs
prime synthesis of dsRNA from sense mRNA, leading to more
secondary siRNAs. (C) Model 2 for 5 0 to 3 0 transitivity. RDR is guided
to mRNA by primary siRNA and then begins dsRNA synthesis from
3 0 end of the mRNA. (D) Model 3 for 5 0–3 0 transitivity. Cleavage of
mRNA by primary siRNA-guided AGO eﬀector complex produces
two fragments. Both fragments are converted to dsRNA by RDR and
give rise to secondary siRNAs.that the sRNAs acted as primers to direct RDR dsRNA syn-
thesis into the adjacent non-targeted sequence. This model
was hard to reconcile with the observation that primary siR-
NAs targeted to the 5 0 half of an mRNA led to siRNAs from
the 3 0 half unless one proposed an antisense RNA [73]
(Fig. 2B). Sense 5 0 siRNAs would prime synthesis of dsRNA
on this antisense RNA into the 3 0 end; upon processing, the
3 0 secondary siRNAs could in turn prime dsRNA synthesis
from along the length of sense mRNA. An alternate model
was that the siRNAs guided the RDR to an mRNA and rather
than using the sRNA as a primer, the RDR began dsRNA syn-
thesis from the 3 0 end of the message (Fig. 2C). The new obser-
vations from ta-siRNA production suggest a third model.
Among the ta-siRNA precursors analyzed, there were exam-
ples of the cleavage event being either 5 0 or 3 0 of the sequence
that gave rise to the ta-siRNAs [70]. Thus, primary siRNA-di-
rected cleavage of the mRNA target could lead to conversion
of both 5 0 and 3 0 cleavage products to dsRNA and the produc-
tion of secondary siRNAs from along the length of the tran-
script (Fig. 2D). Evidence for this type of transitivity on
miRNA targets is lacking, which raises the question of what
determines whether a cleaved template becomes a substrate
for RDR6. One possibility may be that the coordination be-
tween AGO1 and RDR6 is regulated.
In the ﬁnal pathway for dsRNA production, RDR2 pro-
duces dsRNA that is preferentially processed by DCL3. These
two enzymes operate in a positive feedback loop that generates
24 nt siRNA against transposons and repetitive DNA [39].
Some loci targeted by RDR2 and DCL3 display hallmarks
of heterochromatin: the DNA is methylated at position 5 of
cytosines and histone H3 is dimethylated at lysine 9 [39]. These
marks are not simply a byproduct of silencing; they are part of
the feedback loop. The maintenance methyl-transferases
MET1, the de novo methyl-transferase DRM, and the SWI2/
SNF2 chromatin remodeling factor DDM1 are all required
for siRNA production [40,74]. Silencing at these loci also re-
quires HEN1 and AGO4, which implies that a siRNA target-
ing event sustains siRNA production [33,39]. One model for
the positive feedback loop at these loci is that silencing begins
with a rare aberrant RNA that is converted to dsRNA by
RDR2. DCL3 processes this dsRNA into siRNAs, which then
guide DNA methylation and heterochromatin formation. The
resulting epigenetic changes in turn lead to the production of
more aberrant RNA substrates for RDR2 and silencing is rein-
forced. A second type of locus produces RDR2-DCL3 depen-
dent 24 nt siRNA in the absence of heterochromatin features
or these additional genetic requirements [39,40]. Presumably,
these loci constitutively produce a substrate for RDR2, but
it remains unclear why they do not form heterochromatin.
Up until recently it was assumed that the RDR2 substrates
were transcripts derived from one of the three multi-subunit
RNA polymerases, RNA polymerase I, II, or III. Now it ap-
pears that RDR2 substrates are produced by a plant speciﬁc
polymerase, RNA polymerase IV (Pol IV), which resembles
these more familiar polymerases.
Multi-subunit RNA polymerases have two large subunits
that lie on either side of a positively charged cleft, which guides
the double-stranded template into the active site located at its
base. Additional smaller subunits that make up the core en-
zyme are often shared among polymerases. Sequencing of
the Arabidopsis genome had revealed genes for at least one
additional multi-subunit RNA polymerase [75]. There were
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and NRPD1b, which had 26% amino acid similarity across
their length. These were accompanied by two second largest
subunits designated NRPD2a and NRPD2b with 93% amino
acid identity. NRPD1a was ﬁrst implicated in silencing by
mapping sde4 [76]. NRPD1a (SDE4) defects had previously
been shown to result in a delayed onset of transgene silencing
[60] and a loss of methylation and 24 nt heterochromatic siR-
NA [41]. Inactivation of the second largest subunit genes by an
NRPD2 IR construct induced a delayed onset of silencing like
nrpd1a [76]. Most of the expression from these second largest
subunit genes is derived from NRPD2a and correspondingly,
nrpd2a mutations were suﬃcient to eliminate 24 nt heterochro-Fig. 3. The polymerase active site has diverged in Pol IV. (A) Amino acid se
elegans, A. thaliana, and O. sativa (for NRPD subunits): 1, sequence alignmen
sequence alignment of second largest subunits in the hybrid binding domain.
(B) Amino acid residues in the S. cerevisiae crystal structure of elongating R
residues have diverged in Pol IV. Blue residues are conserved with other RNA
site: DNA, gold; RNA, orange.matic siRNA [76]. Importantly, both NRPD1a and NRPD2a
are also required for 24 nt siRNA from the non-heterochro-
matic loci, placing Pol IV directly upstream of RDR2 [76]. A
reverse genetics study conﬁrmed and extended these observa-
tions by showing that NRPD2a localized to the nucleus and in-
duced whole-scale changes in the distribution of H3K9
methylation when defective [77]. The interpretation of these re-
sults has become slightly more complicated by a further excit-
ing development. NRPD1b and NRPD2a correspond to drd3
and drd2, recently isolated from a forward mutant screen de-
signed to ﬁnd genes required for RNA-directed DNA methyl-
ation [78]. NRPD1b defects lead to a loss of the same
heterochromatic methylation that requires NRPD1a. How-quence alignments of RNA polymerase subunits from S. cerevisiae, C.
t of largest subunits in the Metal A binding site and the bridge helix; 2,
Red boxes under alignment indicate residues highlighted in (B) and (C).
NA polymerase II from the sequences underlined in red in (A). Yellow
polymerases. (C) View of the newly formed hybrid helix in the active
Fig. 3 (continued)
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dependent 24 nt siRNAs [78]. From this, it appears that there
are two Pol IV variants with distinct roles in RNA silencing
that share a common second largest subunit in NRPD2a.
Pol IVa transcripts are the preferred substrates for RDR2,
whereas Pol IVb transcripts appear to guide methylation com-
plexes. One clue to the function of Pol IVb is DRD1, a SWI2/
SNF2-like protein identiﬁed in the same screen [79]. Like
nrpd1b, drd1 is not required for siRNA production [78], which
suggests that Pol IVa may have a diﬀerent co-factor.
There are two features of both Pol IV variants that are likely
to be relevant to their role in RNA silencing. First, both have a
distinctive carboxy-terminal tail derived from their respective
NRPD1 subunits that resembles a chloroplast imported pro-
tein known as DCL for Defective Chloroplasts and Leaves
[80] – not Dicer-Like! DCL is required for chloroplast ribo-
somal RNA processing [81], suggesting that it may bind
RNA. NRPD1b has an additional repeat extension rich in ser-
ines that could be a target for phosphorylation by analogy
with the serine residues in the CTD of RPB1 of Pol II [78].
The second feature of both Pol IV variants is a remodeled ac-
tive site. Alignments of Pol IV subunits with their counterparts
from other RNA polymerases reveal three areas of sequencedivergence (Fig. 3A) in co-planar structural elements sur-
rounding the newly formed hybrid helix (Fig. 3B). The ﬁrst
area is the Metal-A site of NRPD1, which binds metal ions
that coordinate the incoming nucleotide. The catalytic residues
are present (Fig. 3B; blue residues) suggesting that the enzyme
retains polymerase activity; however, adjacent sequences have
diverged (Fig. 3B; yellow residues). Signiﬁcant divergence is
also observed for the bridge helix of NRPD1 and the hybrid
binding region of NRPD2. These two structural elements
interact with each other in the yeast Pol II structure [82], pro-
viding a rationale of co-evolution to explain some of the
changes. However, much of the bridge helix that contacts the
nucleic acid has also changed – including a two amino acid
deletion in NRPD1a. Each of these sequence elements are
highly conserved among all eukaryotic DNA-dependent
RNA polymerases and help to hold the RNA-DNA hybrid he-
lix tightly (Fig. 3C) [83]. This is likely to be important for ﬁdel-
ity during polymerization. Attempts to detect DNA-dependent
RNA polymerase activity for Pol IV have so far failed [77].
Thus, the changes observed in the active site in Pol IV could
indicate template speciﬁcity for modiﬁed DNA or dsRNA.
Transcription of dsRNA is a particularly intriguing idea be-
cause of the requirement of Pol IVa for all RDR2-dependent
Fig. 4. A model of RNA silencing pathways in Arabidopsis. One silencing pathway (left) operates at the chromatin level and requires RNA
polymerase IV, RDR2, DCL3 and sometimes factors involved in RNA-directed DNA methylation including AGO4, DRM, DDM1, and MET1. A
second pathway (middle) produces miRNAs and requires Pol II transcription of miRNA precursors that are processed by DCL1 and feed into an
eﬀector complex that is capable of mediating cleavage. A diﬀerent eﬀector complex in this pathway may direct translational inhibition. In a third
(right) pathway RDR6 converts single stranded cytoplasmic RNA into dsRNA, which is then processed by DCL4 into 21 nt RNA that then guides
cleavage. This pathway produces transacting siRNAs, transgene siRNAs and some viral siRNAs. A variation of this pathway requiring RDR1
produces siRNA against a diﬀerent subset of viruses.
5886 A.J. Herr / FEBS Letters 579 (2005) 5879–5888siRNAs. RDR2 and Pol IVa could constitute a dsRNA ampli-
ﬁcation system that is largely independent of DNA transcrip-
tion: Pol IVa transcripts would be direct substrates for
RDR2 and RDR2 derived dsRNAs would be substrates for
Pol IVa. In such a model, the DCL domain of PolIV could
chaperone the dsRNA template. Puriﬁcation and biochemical
characterization of the active Pol IVa and Pol IVb complexes
will be required to distinguish between these two models.5. Summary and perspective
The study of RNA silencing in plants has revealed the pres-
ence of multiple pathways of sRNA biogenesis and regulation
(Fig. 4). In one pathway, miRNA precursors synthesized by
Pol II are processed in a DCL1-dependent manner and feed
into an AGO1 eﬀector complex. In another pathway, RDR1
or RDR6 convert viral RNA into dsRNA substrates for
DCL2 and/or DCL4. RDR6 and DCL4 also act in the gener-
ation of ta-siRNAs that in some cases feed into an AGO1
eﬀector complex. In other cases, the ta-siRNAs may feed into
an AGO7 eﬀector complex that is implicated genetically in the
same pathway [32]. Finally, there is evidence for a core chro-
matin-level pathway involving RDR2, DCL3, and Pol IVa
that sometimes also requires AGO4 and factors involved in
DNA methylation and heterochromatin formation.
Homology-dependent mechanisms have the power to re-
shape gene expression in a highly speciﬁc manner. In Tetrahy-
mena this power takes on new meaning as the same machinery
used for silencing in plants is used to delete unwanted DNA
during the maturation of the macronucleus [84]. No evidenceyet exists that sRNA-guided DNA deletion occurs in plants,
but a recent observation suggested that homology dependent
changes to DNA sequence can occur. In the hothead mutant
background, DNA sequences revert back to genotypes from
previous generations – even though the DNA in the self-fertil-
izing parental line is homozygous for a diﬀerent genotype [85].
The authors speculated that the memory of past genomes
could be RNA based. It will be interesting to see if future stud-
ies link this startling homology dependent process also with the
sRNA world.
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